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Abstract. Concern over increasing wildfire activity in the last few decades has prompted increased investment in fuels
reduction treatments worldwide. Prescribed fire is a commonly used management tool for reducing fuels and modifying

subsequent wildfire dynamics, yet the influence of prescribed fire on wildfire is difficult to evaluate empirically due to the
often unpredictable nature ofwildfire. In this studywe evaluated a 30-year record ofwildfire, prescribed fire and drought at
Fort Benning, a 74 000-ha military training installation in west-central Georgia, USA. Annual wildfire incidence declined

sharply from 1982 to 2012 as prescribed fire hectares increased. Multiple regression models including both prescribed fire
and drought (assessed using the Keetch–Byram Drought Index; KBDI) explained ,80% and 54% of the variation in
annualwildfire incidence and areal extent, respectively. Current- and previous-year prescribed firewere strongly inversely
related to current-year wildfire, suggesting that the cumulative area burned by prescription is important in explaining

current-year wildfire incidence. Wildfire activity overall (both incidence and areal extent) was highest during drought
yearswhen cumulative prescribed fire hectareswere low.Our results suggest some inevitability ofwildfire during drought,
but also provide evidence for the positive effects of sustained landscape-scale prescribed fire in reducing wildfire activity

over time.
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Introduction

Wildfire activity has increased in many parts of the world in
recent decades, raising public concern and highlighting the need

for cohesive strategies aimed at fuels management, community
protection, landscape restoration and public education (USDA
Forest Service 2000; Westerling et al. 2006; Butry et al. 2010;

Stephens et al. 2012; McCaw 2013). Of particular concern are
high-severity wildfires burning in ecological systems histori-
cally characterised by frequent, low-intensity surface fire. These

ecological systems have been the focus of fuels reduction and
restoration treatments in recent years, as current wildfire trends
are believed to be due in large part to fuel accumulation that has

occurred with fire exclusion (Marshall et al. 2008; Schwilk et al.
2009; McCaw 2013; Stephens et al. 2013).

Fire is a physical process controlled by complex interactions
amongweather, topography and fuels (Countryman 1972; Brown

and Smith 2000; Prestemon et al. 2013). Dry atmospheric
conditions combined with high winds and low fuel moistures
often represent the criteria under which wildfires occur, with

subsequent fire behaviour dictated largely by weather, topogra-
phy and fuel loads (Brown and Smith 2000; Prestemon et al.

2013). Both prescribed fire and past wildfire have been shown to

be important in influencing currentwildfire ignitions, areal extent
and intensity, by regulating fuels (Prestemon et al. 2002; Mercer
and Prestemon 2005; Mercer et al. 2007; Mitchell et al. 2009).

For this reason prescribed fire has become an important manage-
ment tool for fuels reduction in fire-prone ecosystemsworldwide.
However, the influence of prescribed fire on current wildfire is

difficult to measure directly and most studies rely on model
simulations or opportunistic evaluation of wildfires burning into
areas previously burned by prescribed fire (Davis and Cooper
1963; Fernandes and Botelho 2003; Finney et al. 2005; Haywood
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2009; Fulé et al. 2012; Prichard and Kennedy 2014). As a result
many studies evaluating relationships between prescribed fire
and wildfire are limited in both temporal and spatial extent.

Military installations in the south-eastern (SE)United States
provide a unique opportunity to assess trends in both prescribed
fire and wildfire over time because they often have active

prescribed fire programmes as well as frequent occurrence of
wildfire due to military training activities. Fort Benning is
a 74 000-ha Unites States Army training installation in west-

central Georgia, which currently burns ,12 000 ha annually
by prescription and has maintained records of both prescribed
fire and wildfire since the early 1980s. In this study we
evaluated relationships among prescribed fire (spatial extent

of area burned annually by prescription), wildfire incidence
(number of unplanned ignitions annually) and wildfire area
burned (spatial extent of area burned annually by wildfire) at

Fort Benning from 1982 to 2012. We also factored in the
influence of weather on wildfire by incorporating drought and
fire-related weather indices within amultiple regression frame-

work. Our primary objective was to evaluate whether trends
over time in wildfire incidence and areal extent are related to
prescribed fire activities at Fort Benning, and the degree to

which these relationships are influenced by weather patterns,
particularly drought.

Methods

Study area

Fort Benning lies within the South-eastern Plains Ecoregion of

the SE United States and is characterised by gentle, rolling
topography with elevation ranging from 58 to 226 m above sea
level (USAIC 2006). The climate of the area is temperate with

mild winters and hot, humid summers. Precipitation averages
1295 mm annually (USAIC 2006).

Fort Benning is characterised by diverse vegetation types
ranging from pine-dominated uplands to hardwood-dominated

lower slopes and bottomlands (USAIC 2006). Common pine
species include loblolly (Pinus taeda L.), shortleaf (P. echinata
Mill.) and longleaf (P. palustris Mill.) pines, and common

hardwoods include oaks (Quercus spp.), hickories (Carya
spp.) and sweetgum (Liquidambar styraciflua L.). Upland areas
were historically characterised by longleaf pine and mixed-pine

forests and woodlands, maintained by frequent fire every 1–5
years (Frost and Langley 2009). Remnant vegetation structure
suggestive of historical conditions still exists at Fort Benning,

though most of the current vegetation represents recovery from
agricultural and other land uses that accompanied European
settlement of the area beginning in the 1830s (USAIC 2006).

Despite historically frequent fire and a social culture of

‘woods burning’ in the SE United States, fire suppression
policies were adopted in the 1920s (Pyne 1982). Around this
same time, the natural role of fire was also being recognised,

especially in longleaf pine ecosystems (Stoddard 1931;
Chapman 1932). At Fort Benning, prescribed fire has been used
since the mid-1950s for various purposes, including fuels

reduction to reduce the severity of wildfires caused by military
training (USAIC 2006). Infantry training occurs throughout Fort
Benning and ignitions due to flares, smoke grenades and live
ordinance are dispersed throughout the landscape. In the 1990s

fire management objectives began to incorporate ecological
objectives such as habitat improvement for the federally endan-
gered red-cockaded woodpecker (Picoides borealis) (USAIC

2006). Both increasing the annual area burned by prescribed fire
and instituting a 2–3-year fire return interval became primary
objectives at this time.

Data preparation and analysis

Fort Benning’s Directorate of Public Works Land Management

Branch maintains records of wildfire occurrence and areal
extent of both wildfire and prescribed fire dating back to 1982.
Currently these records aremaintained in geospatial format with
detailed information regarding dates, locations and area burned

both by wildfire and prescribed fire. Earlier records (1980s era)
are less detailed but still provide useful information about
annual wildfire frequency and areal extent of both wildfire and

prescribed fire. As we were interested in evaluating broad-scale
effects of prescribed fire on wildfire dynamics over time, we
summarised the data by year (from 1982 to 2012) over the entire

spatial extent of the military reservation. All fire records are
organised by United States government fiscal year (1 October–
30 September) as opposed to calendar year. We did not have

detailed information about ignition sources (natural vs. human
caused) and therefore aggregated across sources. The majority
of unplanned ignitions, however, are believed to be human
caused, related to military training.

We obtained meteorological records from the USA National
Oceanic and Atmospheric Administration National Climatic
Data Center, using records from the West Central Georgia

Climate Division as well as individual Remote Automated
Weather Stations in the vicinity of Fort Benning. We used
weather stations at Newnan, Plains and Byromville, Georgia

(all within a 125-km radius) because they contained the most
complete records throughout the period of interest, from 1982 to
2012.We processed weather data using FireFamily Plus (v. 4.1),
a USA Forest Service software application capable of synthesis-

ing and outputting fire-related weather variables (Bradshaw and
McCormick 2000). We included two commonly used drought
indices in our analysis: the Palmer Drought Severity Index

(PDSI; Palmer 1965) and the Keetch–Byram Drought Index
(KBDI; Keetch and Byram 1968). The PDSI typically ranges
from �6 to þ6, with negative values indicating drought and

positive values indicating periods of above-average precipita-
tion, whereas the KBDI ranges from 0 to 800, with 800
indicating severe drought. We also included two other fire

weather and fire behaviour indices, the Energy Release Compo-
nent (ERC) and the Canadian Forest Fire Weather Index (FWI),
to account for weather variables such as air temperature and
relative humidity that influence fuel moistures. We exported

daily records from FireFamily Plus and averaged them by fiscal
year to correspond with fire records.

We used multivariate regression analysis in an information

theoretic framework to evaluate the influence of prescribed fire,
past wildfire and weather variables on wildfire incidence and
areal extent. We modelled wildfire incidence as a negative

binomial distribution because it is a count variable (Mercer
and Prestemon 2005; Prestemon et al. 2013).We also tested and
rejected a Poisson model because of over-dispersion. We added
explanatory variables to the model consecutively through a
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forward selection process and used Akaike’s Information Crite-

rion for small sample sizes (AICc) to evaluate the fit of each
model (Burnham and Anderson 2002). The full suite of explan-
atory variables tested included current and previous prescribed

fire area (lagged up to 10 years), previous wildfire incidence and
area burned (also lagged to 10 years), and PDSI,KBDI, ERC and
the FWI. Annual averages and annual maximums were evalu-
ated for the weather variables, as were interactions among

explanatory variables. We detected serial correlation in wildfire
incidence by evaluating residual plots of the relationship
between wildfire incidence and time. We included lagged

wildfire incidence in our model both to mitigate serial correla-
tion and because of its predictive ability, as described more
below. Variance inflation factors (VIFs) were used to assess

collinearity and variables with high VIFs were removed from
the model. We used Cook’s D for outlier analysis but none were
detected. We calculated McFadden’s pseudo-R2 using the log-
likelihood of the full model vs. a null (intercept-only) model to

evaluate goodness of fit. Wildfire areal extent was analysed
similarly towildfire incidence, thoughwasmodelled as a normal

distribution following log-transformation. For this model, we

tested but did not find serial correlation using the Durbin–
Watson statistic. Analyses were conducted using the GENMOD
procedure in SAS (SAS v. 9.3; SAS Institute, Inc., Cary, NC).

Results

From 1982 to 2012, there was an overall increase in hectares
burned by prescribed fire corresponding with Fort Benning’s

increased use of fire for meeting fuels reduction and ecosystem
management objectives (Fig. 1a). Wildfire incidence declined
over this same period (Fig. 1b). Currently, annual wildfire

incidence appears to be stabilising at or below 100 wildfires per
year, in contrast to the 300–500 annual wildfires observed ear-
lier in the record. Annual areal extent of wildfires was more

variable over time relative to wildfire incidence, and increased
in the final 3 years of our record (Fig. 1c), possibly due to Fort
Benning’s ‘let burn’ policy, described in more detail below.

Of the regression models evaluated, annual wildfire inci-

dence was most strongly related to the sum of current and
previous-year prescribed fire area, previous wildfire incidence
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Fig. 1. Trends in (a) prescribed fire area (hectares burned), (b) wildfire incidence (number of

unplanned ignitions) and (c) wildfire area (hectares burned by wildfire) from 1982 to 2012 at Fort

Benning, GA.
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and drought (Table 1). The selectedmodel accounted for 80% of
the variation in wildfire incidence, based on a pseudo-R2

estimate, and was separated from the next best fitting model,
which included the same set of variables except for drought, by
DAICc.2.0. Although lagged prescribed fire area and wildfire

incidence influenced the model fit for up to 10 and 8 years,
respectively (data not shown), only 1 lagged year for prescribed
fire and 3 for wildfire incidence were retained (Table 1), as these

years provided the best predictive abilitywithout over-fitting the
model.1

Of the models evaluated for annual wildfire areal extent,
previous-year prescribed fire, drought and their interaction were

most important and accounted for 54% of the variation in annual
wildfire areal extent (Table 2). KBDI performed better than
PDSI as a drought index in both models. Neither ERC nor FWI

accounted significantly for variation in annual wildfire inci-
dence or areal extent and were dropped from the models.
Surprisingly, past wildfire area burned was not significant in

either the wildfire incidence or areal extent model, perhaps
because the actual area burned by wildfire is much lower in
comparison to that currently burned by prescribed fire and
therefore may have less of an influence (see Figs 1a and 1c).

The interaction detected between prescribed fire and drought
in the wildfire areal extent model was evident in the wildfire
incidencemodel as well, but was not significant. In bothmodels,

the influence of prescribed fire on wildfire was not constant
across the range of drought indices observed over the 30-year
period. The highest number ofwildfires occurred during drought

years when antecedent year prescribed fire hectares were low
(Fig. 2), suggesting that prescribed fire has less influence on
wildfire during drought years.

Discussion

Prescribed fire is commonly used in fire-prone landscapes to

reduce hazardous fuels and pre-empt wildfire effects, yet
empirical information regarding the influence of prescribed fire
on wildfire over long timespans is relatively rare in the litera-

ture. Although cause and effect is difficult to ascertain in

observational data such as ours, we believe our study provides
evidence of the cumulative effect of landscape-scale prescribed
fire in reducing wildfire activity over time. Our results are

consistent with other studies in the SE United States demon-
strating the influence of previous fire (both prescribed fire
and wildfire) on current wildfire ignitions and areal extent

(Prestemon et al. 2002; Mercer and Prestemon 2005; Mercer
et al. 2007), as well as studies from Australia (Fernandes and
Botelho 2003; Boer et al. 2009) and Europe (Fernandes and

Botelho 2003). Like Koehler (1992, 1993), our results highlight
the importance of a sustained prescribed fire programme in

1The sign of the laggedwildfire incidence coefficient suggested a positive influence of previouswildfires on current wildfires, counter to that expected from the

literature (Mercer and Prestemon 2005). We believe this relationship results from the overall decline in wildfire incidence over the 30-year record, whereby

high wildfire incidence predicts subsequent high wildfire incidence early in the record and low wildfire incidence predicts subsequent low wildfire incidence

later in the record, leading to an overall positive relationship. Despite the counterintuitive influence of lagged wildfire incidence, we retained it in the model

because of its predictive ability, and to mitigate serial correlation.

Table 1. Multiple regression model for wildfire incidence

Best fit model predicting annual wildfire incidence (number of wildfires)

from previous wildfire incidence, prescribed fire and drought. Functional

form of the model is Y¼ exp(b0 þ b1X1þ b2X2þ b3X3) with a pseudo-R
2

of 0.80 and n¼ 28. X1¼ prescribed fire ha current yearþ previous year (lag

1); X2¼ current-year Keetch–Byram Drought Index, KBDI; X3¼ log10
wildfire incidence lag1 þ lag2 þ lag3

Term Coefficient, b Standard error Wald chi-square P-value

Constant 2.520 1.417 3.16 0.0754

X1 �0.0000578 0.0000190 9.27 0.0023

X2 0.00486 0.00109 19.70 ,0.0001

X3 0.327 0.146 5.02 0.0250

Table 2. Multiple regression model for wildfire areal extent

Best fit model predicting annual wildfire areal extent (log10 of wildfire ha)

from prescribed fire, drought and their interaction. The functional form of

the model is Y¼b0þb1X1þb2X2þb3X3, with an adjusted R2 of 0.54

and n¼ 29. X1¼ previous-year prescribed fire ha (lag1); X2¼ current-year

Keetch–Byram Drought Index, KBDI; X3¼ cross product, (X1�
9371.17)� (X2� 276.49)

Term Coefficient, b Standard error t-ratio P-value

Constant 2.556 0.254 10.07 ,0.0001

X1 �0.0000465 0.0000119 �3.90 0.0006

X2 0.00319 0.000853 3.75 0.0009

X3 0.000000411 0.000000183 2.25 0.0331
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reducing and then maintaining lowwildfire incidence across the
landscape. This finding is particularly relevant in the SE United
States, where recovery of fuels occurs relatively quickly, often

within 3–5 years of prescribed fire (Davis and Cooper 1963;
Brose and Wade 2002).

Drought is known to strongly influence wildfire activity and

was a significant predictor of both wildfire incidence and areal
extent in our study. Drought directly affects coarse woody fuel
moisture, making fuels more available for ignition and combus-

tion (Prestemon et al. 2013). Although prescribed fire may
influence the relationship between drought and wildfire through
fuels reduction, our results suggest some inevitability of wildfire
during years of drought. Additionally, prolonged drought may

decrease opportunities for prescribed fire, with cascading
effects on wildfire occurrence in subsequent years (Mitchell
et al. 2014). Surprisingly, we did not find a relationship between

annual prescribed fire hectares and KBDI in our study
(r2¼ 0.03, data not shown), perhaps because prescribed fire
tends to occur during the winter–spring season, whereas drought

often occurs in the late spring and summer (Chan et al. 2004).
A closer evaluation of within-year dynamics in prescribed fire,
wildfire and drought may be useful in future analyses to further

parse the influence of fuel treatments on wildfire activity at
finer temporal scales. Evaluating spatial patterns of ignitions
(e.g. based on forest types) and interactions with drought would
provide a useful avenue for future analysis as well.

Although prescribed fire was a strong predictor of annual
wildfire incidence, it did not explain as much of the variation in
annual area burned by wildfire. Growth of fire after an ignition,

and subsequent area burned, are influenced by several variables
that we were unable to account for in our model. For example,
response time of suppression crews and suppression tactics

(e.g. back burning vs. direct attack) both influence the areal
extent of wildfire and no data were available for these factors.
Fuels and topography also highly influence fire spread rates
(Brown and Smith 2000; Prestemon et al. 2013) and are not

incorporated in our model due to lack of detailed information on
fire locations over the 30-year record of our study. Lastly,
reduced fuel loads across the Fort Benning landscape have

enabled land managers to adopt a ‘let burn’ policy for wildfires
within the last few years. Relationships between wildfire areal
extent and prescribed fire are thus likely confounded by this

wildfire management tactic as wildfires are allowed to spread
when conditions are favourable to meet resource management
objectives. This increased flexibility in managing wildfires,

however, is one of the primary benefits of prescribed fire use
at Fort Benning, and may explain the increase in wildfire area
observed in the last 3 years of our record (Fig. 1c).2

Fire-adapted forests such as those at Fort Benning will likely

burn by wildfire if not by prescribed fire. Prescribed fire offers a
means of controlling the distribution of fire on the landscape
both spatially and temporally, with benefits extending to smoke

and emissions management as well (Hessburg and Agee 2003;
North et al. 2012). Low-intensity surface fire also allows for
carbon to be retained on the landscape in trees and other carbon

stores, rather than emitted to the atmosphere in higher intensity

wildfires (Hurteau and North 2009; Wiedinmyer and Hurteau
2010). Although in many fire-adapted forests mechanically
reducing fuels is common practice, the rate of implementation

is inadequate given the size of the forest area requiring treatment
(North et al. 2012). Prescribed fire offers a means of effectively
managing fuels over large areas. Although we demonstrate

positive effects of prescribed fire in managing wildfire at Fort
Benning, that effect may be undermined by prolonged drought,
highlighting the need to prioritise prescribed fire to achieve

maximum benefit during favourable years (Hiers et al. 2003;
Price and Bradstock 2011; North et al. 2012; Mitchell et al.
2014). Nonetheless, because of treatment effectiveness in
reducing wildfire activity and enabling wildfire use, prescribed

burning offers managers flexibility in preparing for uncertain
future climatic events such as drought, in addition to managing
for current resource benefit.
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